Grinding Aided Electrochemical Discharge Drilling (G-ECDD) of Borosilicate Glass and its Performance Evaluation  by Ladeesh, V.G. & Manu, R.
 Procedia Technology  25 ( 2016 )  1122 – 1128 
Available online at www.sciencedirect.com
ScienceDirect
2212-0173 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of RAEREST 2016
doi: 10.1016/j.protcy.2016.08.227 
Global Colloquium in Recent Advancement and Effectual Researches in Engineering, Science and 
Technology (RAEREST 2016) 
Grinding aided Electrochemical Discharge Drilling (G-ECDD) of 
borosilicate glass and its performance evaluation 
Ladeesh V G*, Manu R 
Department of Mechanical Engineering, National Institute of Technology Calicut, Kerala – 673601, India 
Abstract 
Recent advancements made in the field of glass technology and advanced ceramics made researchers to think of 
developing hybrid machining techniques to process those materials efficiently and economically. Grinding aided 
electrochemical discharge drilling (G-ECDD) is a prominent one among such emerging techniques, which offer high 
degree of dimensional accuracy for producing holes in hard and brittle ceramics. In G-ECDD, a rotating diamond core 
drill acts as the tool which will be integrated with a normal electrochemical discharge machine setup. In this study, an 
attempt has been made to explore the effects of machining parameters like voltage, pulse-on time and electrolyte 
concentration on the material removal rate (MRR) of G-ECDD of borosilicate glass. A three level full factorial 
experimental design was adopted and the analysis of variance revealed that the significant factor that contributes to MRR 
is voltage, followed by pulse-on time and electrolyte concentration. Additional experiments have been conducted to 
identify the effect of duty ratio and frequency on MRR. The use of high frequency above 4 kHz at high duty ratio above 
0.6 was found to produce significant cracks on workpiece even though an increase in MRR was observed with an increase 
in duty ratio and frequency. Three regions (rapid tool wear, uniform tool wear and accelerated tool wear region) are 
identified on the graph plotted with tool wear and machining time from which the uniform tool wear region was identified 
as the safe machining zone to obtain consistent machining performance. The microscopic images of the machined surface 
revealed the material removal mechanisms of G-ECDD. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Glass and glass ceramics are gaining widespread acceptance in the field of electronics, aerospace and micro 
electro mechanical systems (MEMS) because of their ability to withstand high thermal and mechanical stress 
conditions. The main factor that limits its application in MEMS devices is its low machinability. Traditional as well 
as non-traditional techniques have many limitations in processing such materials. The developments made in the 
field of hybrid machining techniques have proven effective for machining glass and ceramics. Hybrid machining is 
an emerging category of machining techniques which combines the different physical as well as chemical aspects of 
two or more machining methods [1]. Grinding aided electrochemical discharge drilling (G-ECDD) is such a hybrid 
technique which utilizes the thermal energy of electric discharges, high temperature chemical etching action of 
electrolyte and the grinding action of diamond grits for the material removal from the workpiece [2]. The basic G-
ECDD setup consist of a rotating diamond core drill bit which is maintained as the cathode and an auxiliary 
electrode kept as the anode. Both the electrodes are dipped in an electrolyte. When a pulsed DC is applied across the 
electrodes, hydrogen gas will be liberated at the cathode in the form of bubbles. When a critical bubble density is 
reached, some of the bubbles combine to reduce the surface energy and a gas film will be formed that separates the 
tool surface from the electrolyte. This causes the current density to build up and electric discharge will be produced 
by ionization of  gas inside the bubble. The workpiece will be placed at the vicinity of the tool so that the electric 
discharges strike the workpiece surface. Material beneath the tool becomes molten and the grinding action of the 
diamond grits remove the semi solid material from the machining zone. Thousands of discharges happen per second 
randomly at different locations of the tool and all together will contribute for material removal rate.  
Some of the pioneering work in this area includes the study performed by Jain et al. [3]. They used an abrasive 
tool for improving the performance of ECDM. MRR for abrasive tool was found to be higher when compared with 
conventional cylindrical tool due to additional abrasive action. They also observed that the presence of grits help to 
produce sparking beneath the tool. Sanjay et al. [4] conducted drilling of alumina with a rotary abrasive electrode by 
the electrochemical discharge process. They pointed out that, an increase in duty factor and electrolytic conductivity 
will increase the material removal rate. The use of pulsed DC provided more spark stability for their experiments.  
Liu et al. [5] used diamond coated tool for drilling alumina particulate reinforced aluminium alloy and identified that 
the significant factors that contribute to MRR can be ranked in the decreasing order of duty cycle, current and 
electrolyte concentration. Xuan et al. [6] developed a hybrid micromachining technique using ECDM and micro 
grinding for producing grooves on glass. A considerable reduction in machining time upto 30% was achieved when 
compared to conventional grinding process and also with better ground surface quality. Zhi et al. [7] developed 
complex 3D micro structures of Pyrex glass using layer-by-layer ECDM micro milling. They found that an increase 
in tool rotation rate will increase the groove width and decrease machining depth. Surface roughness was 
considerably reduced with an increase in tool rotation. 
In the present study, an attempt has been made to reveal the effect of parameters like voltage, pulse-on time and 
concentration on material removal rate while machining borosilicate glass using G-ECDD. To identify the 
significance of frequency, further experiments are conducted and the safe working frequencies for different voltages 
are found. Tool wear rate plays an important factor in maintaining repeatability of the machined feature. Hence, 
experiments are conducted to study the tool wear with respect to machining time and the region of uniform tool wear 
was identified for determining the service life time of tool. The microscopic images of the machined surface 
revealed the different mechanisms involved in machining using G-ECDD. 
 
Nomenclature 
ANOVA Analysis of Variance 
ECDM   Electrochemical Discharge Machining 
G-ECDD Grinding aided Electrochemical Discharge Drilling 
MRR  Material Removal Rate 
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2. Experimental Procedure 
2.1. Experimental Setup 
A CNC router (Make- Newclear technologies, India: Model TR 203) was used for controlling the tool 
movements. The setup consists of an acrylic machining chamber filled with electrolyte (KOH), a steel plate 
polarized as the anode, a spring fed tool system mounted beneath the spindle, an attachment for supplying DC power 
to the rotating tool and a customized DC power supply. Fig. 1 shows the experimental setup for G-ECDD. The 
spindle speed was 500 rpm for all experiments. The DC power supply has provision for varying frequency and duty 
ratio. The temperature of the electrolyte was maintained at 40oC with the aid of a thermostat integrated with heating 
coil and thermocouple. The material removal rate was determined by taking the difference of the workpiece mass 
before and after machining and dividing it by the machining time. The tool used was a diamond core drill bit of 
outer diameter 6mm and inner diameter 3mm (make- Excel Impex, India). The workpiece is rectangular borosilicate 
glass piece of 5mm thickness.  
 
 
    
 
 
 
 
 
 
 
 
Fig. 1. Experimental setup for G-ECDD 
 
2.2. Design of Experiment 
A three level full factorial experiment design was selected with two replications. The factors chosen are voltage, 
pulse-on time and electrolyte concentration. Two replications are included in two block and block wise 
randomization of the run order was performed to balance the effect of extraneous factors. The selected factors and 
their levels are given in Table 1. Analysis of variance (ANOVA) of the data was performed to identify the 
significant factors and their percentage contribution. A regression model was developed to predict the material 
removal rate. The whole analysis of the data was performed using a statistical software Minitab-17 (trial version). 
 
Table 1. Selected parameters and their levels 
Parameters Notation Unit Level 1 Level 2 Level 3 
Voltage A V 90 100 110 
Pulse-on time B s 0.0002 0.0006 0.001 
Concentration C M 2 3 4 
 
A new diamond core drill bit will have some extra protruded grits and irregular nickel coatings on its lateral and 
end face which are loosely attached. This will wear out during the initial stage of machining but may cause a serious 
rise in material removal rate initially. This may significantly affect the determination of the exact MRR during the 
starting stage and may lead to a wrong conclusion about the effect of parameters on MRR. To avoid this, a series of 
experiments were conducted initially to identify a uniform tool wear region in the graph of tool wear versus 
machining time and conduct the main experiment within that safe zone.  
DC 
power 
supply 
CNC router 
Machining chamber 
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Further experiments are conducted to study the effect of frequency and duty ratio on MRR. The range of 
frequency and duty ratio that can be used for machining borosilicate glass without deteriorating the surface integrity 
can be traced from these additional experiments. 
3. Results and discussion 
3.1. Determination of uniform tool wear regime 
Initially, experiments are conducted to find the trend of tool wear with respect to machining time. Three regions 
are identified which include initial rapid wear region, uniform tool wear region and accelerated tool wear region as 
shown in Fig. 2. Initially a rapid rise in tool wear was observed due to the dislodging of extra protruded diamond 
grits and irregular nickel deposits (binding material). This region include the initial 10 minutes of machining and is 
not recommended to perform the main experiments since the G-ECDD performance may not be consistent due to 
rapid tool wear in this region. The uniform tool wear region extend around 70 minutes of machining operation 
which will be useful to perform the experiments. In this region, tool wear happens by deterioration of the bonding 
material at high temperature and the dislodging of grits. An accelerated tool wear occurs after prolonged machining 
and a significant wear can be observed at the end face of the tool. Material removal rate decreases rapidly due to 
reduction in the electric discharge at the end face. It is not safe to use the tool at this region and tool replacement 
should be done. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Tool wear growth with machining time 
3.2. Full factorial experiment results 
Three factors each at three levels give a total of 27 runs. Two replications are taken in two blocks and block wise 
randomization was done. For each block, a separate diamond core drill bit of same specification was used to prevent 
the effect of tool wear. Table 2 shows the result obtained from the experiment. Blind holes of diameter ranging from 
6.05mm to 6.1mm are obtained using G-ECDD. Each experiment was conducted for three minutes. Material 
removal rate was calculated by dividing the difference of workpiece mass before and after machining by the total 
time taken (3 minutes). The duty ratio was kept constant at 0.5. The tool rotation speed was taken as 500 rpm, since 
discharges are not stable at higher speed. Main effects plot for the MRR is shown in Fig. 3. 
As voltage increases, the energy supplied by the spark increases and hence craters of higher volume are 
produced. This will increase the overall material removal rate [8]. An increase in pulse-on time with constant duty 
ratio will reduce the frequency of the supply. This will reduce the number of sparks produced per unit time causing 
less material removal and thereby reducing MRR. An increase in the concentration increases the conductivity of the 
electrolyte and accelerates the hydrogen bubble liberation. This helps to attain the critical bubble density and gas 
film formation at a faster rate utilizing a less portion of the energy supplied per pulse. Hence, a greater portion of the 
energy supplied by the pulse can be used by the spark for material removal and thus increases the MRR. 
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3.3. Results of ANOVA 
From ANOVA result shown in Table 3, the significant factors that contribute MRR can be ranked in the 
decreasing order of voltage, pulse-on time and concentration. The calculated value of F in ANOVA table is a 
measure of relative factor effects. The larger the F-value, the more significant will be the factor in controlling the 
response.  The high F-values of two factor and three factor interactions indicate that they are significant. Percentage 
contribution can be calculated by dividing the sum of squares of factor by sum of squares of error total. A regression 
model for predicting MRR has been developed from the data and is given by (1). The model has R2 value of 89.93 
and R2( adj) of 88.40 which is an indication that the model can be used for response prediction. 
MRR = -0.1125 + 0.00147*A + 70.2*B + 0.0285*C – 0.759*A*B – 0.00024*A*C – 27.5*B*C + 0.255*A*B*C   (1)                
 
Table 2. Results of factorial experiment 
 
 
 
Std.  A B C MRR (g/min) 
order       Rep. 1 Rep. 2 
1 90 0.0002 2 0.02732 0.03012 
2 90 0.0002 3 0.03981 0.04112 
3 90 0.0002 4 0.04367 0.04453 
4 90 0.0006 2 0.02812 0.03198 
5 90 0.0006 3 0.03101 0.02867 
6 90 0.0006 4 0.03476 0.03623 
7 90 0.001 2 0.02518 0.02202 
8 90 0.001 3 0.03101 0.03151 
9 90 0.001 4 0.03116 0.02996 
10 100 0.0002 2 0.04388 0.04624 
11 100 0.0002 3 0.04912 0.04871 
12 100 0.0002 4 0.05007 0.05205 
13 100 0.0006 2 0.03812 0.04107 
14 100 0.0006 3 0.04031 0.03885 
15 100 0.0006 4 0.04289 0.04396 
16 100 0.001 2 0.03412 0.03622 
17 100 0.001 3 0.04001 0.04004 
18 100 0.001 4 0.04106 0.03908 
19 110 0.0002 2 0.04821 0.0517 
20 110 0.0002 3 0.05246 0.05117 
21 110 0.0002 4 0.05553 0.05896 
22 110 0.0006 2 0.04199 0.04314 
23 110 0.0006 3 0.04936 0.05272 
24 110 0.0006 4 0.04713 0.04412 
25 110 0.001 2 0.04018 0.03962 
26 110 0.001 3 0.04389 0.04525 
27 110 0.001 4 0.04671 0.04714 
Table 3. ANOVA for MRR 
 
Source Sum of *Dof Mean F **%C 
 Squares  Square Value  
Block 0.0000065 1 6.756E-06 
Model 0.0036057 26 0.0001387 65.2056 
  A 0.0021071 2 0.0010535 495.365 57.45 
  B 0.0008529 2 0.0004265 200.52 23.26 
  C 0.0004234 2 0.0002117 99.5343 11.54 
  AB 0.0000036 4 9.474E-07 0.44544 0.10 
  AC 0.0000379 4 9.483E-06 4.45868 1.03 
  BC 0.0000531 4 1.328E-05 6.24402 1.45 
  ABC 0.0001274 8 1.593E-05 7.48935 3.47 
Residual 0.000055 26 2.127E-06 
Error 
Total 0.0036677 53     
*Dof – Degrees of freedom            ** %C – Percentage Contribution 
 
 
Fig. 3. Main effects plot for MRR 
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3.4. Effect of duty ratio and frequency on material removal rate 
The duty ratio and frequency will together determine the pulse-on time and hence the study of both parameters is 
of great importance. The effect of duty ratio and frequency on MRR is shown in Fig. 4. For low duty ratio (0.4), an 
increase in frequency is not having any significant effect in MRR. At high duty ratio above 0.6, an increase in 
frequency will increase the MRR. Duty ratio can be defined as the ratio of pulse-on time to the total pulse period 
(pulse-on time + pulse off time). When duty ratio increases, the pulse-off time will decrease and hence the time for 
the dissipation of heat reduces. At high frequency, the pulse period will be very low (frequency= 1/ pulse period). 
Even though the MRR is high at high duty ratio of above 0.6 for high frequency pulse above 4000Hz, several 
serious cracks are observed at the vicinity of machining zone. The use of high duty ratio at high frequency will 
rapidly increase the local temperature due to poor heat dissipation and causes high thermal stress. This produces 
cracks initiating from the hole periphery. Hence at high frequency, the use of duty ratio above 0.5 is not 
recommended even though the MRR is high. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Effect of duty ratio and frequency on MRR 
3.5. Material removal mechanism and machined surface morphology  
The material removal mechanism in G-ECDD involves thermal softening of the work material by repeated 
electric discharges followed by the grinding action of the diamond grits which facilitate and improve the material 
removal from the machining zone. The mechanism also involves chemical etching action through which the micro 
cracks produced by the excessive grinding action will be smoothened. Chemical etching involves reaction of the 
main constituent of glass (SiO2) with the electrolyte (KOH) to produce potassium silicate (K2SiO3) which will be 
flushed away by the heated turbulent electrolyte together with the flushing action of rotating tool. The presence of 
above mentioned mechanisms can be understood by observing the microscopic images of the patterns produced at 
the machining zone. The machined holes are shown in Fig. 5. 
4. Conclusions 
This experimental investigation reveals the effect of machining parameters on the performance of G-ECDD. 
Accurate holes with good repeatability are drilled using G-ECDD. Three different regimes of tool wear are 
identified from the initial experiments and the safe regime for conducting experiment was determined. The full 
factorial experiment followed by ANOVA revealed the effect of machining parameters and their percentage 
contribution for controlling material removal rate. The results obtained are summarized as follows. 
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x Three regions viz., initial rapid wear region, uniform wear region and accelerated wear region are 
identified while performing G-ECDD using diamond core drill and the uniform wear region was 
selected for conducting experiments due to consistency in the performance. 
x From full factorial experiment and ANOVA, the significant factors that contribute to MRR can be 
ranked in the order of voltage followed by pulse-on time and concentration. 
x Highest MRR of 0.05896 g/min is observed for the combination of high voltage (110V), low pulse-on 
time (0.0002s) and high concentration (4M). 
x For high duty ratio (above 0.6), MRR will increase with an increase in frequency. At low duty ratio, 
there is no significant change in MRR with an increase in frequency. 
x The use of high duty ratio (above 0.6) coupled with high frequency (above 4000Hz) will develop high 
thermal stress due to the lack of sufficient time for dissipating heat between discharges. This may 
produce thermal cracks on the workpiece. Hence the use of high duty ratio for high frequency pulse is 
not recommended. 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Borosilicate glass machined using G-ECDD 
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